The in-plane magnetic field suppresses the quantum coupling between electrons in a double quantum well structure. The microscopical theory of this effect is developed and confirmed experimentally. We have shown that the decrease of the "resistance resonance" peak is sensitive to the mutual orientation of the current and the in-plane magnetic field. The characteristic field required for the suppression of the resonance depends on the elastic small angle and electron-electron scattering rates. The study of the characteristic field allows to verify the temperature and Fermi energy dependence of the electron-electron scattering rate, providing a new experimental tool for its measurement.
A new physical phenomena, called resistance resonance (RR), in a double quantum well (QW) structure was recently predicted and observed experimentally [1] . The key point of this effect is the following. Let us consider two tunneling coupled QWs. The quantity of interest is the lateral resistance of the structure (all the electrodes are attached to the both QWs !). If the tunneling between QWs is by some reason suppressed, each electron is localized in one of the wells. The resulting lateral resistance is those one of two conductors connected in parallel, R of f ∼ (τ and [5] (Shubnikov-de Haas oscillations). We employ the nice intuitive picture, developed in Refs. [4, 5] , to illustrate the results of our calculations. Below we present a microscopical description of the lateral magnetoresistance of the coupled QWs, which is verified by the experimental data. The main messages, following from our studies, are:
(i) The in-plane magnetic field destroys the coupling between QWs, leading to the RR; the lateral resistance is essentially anisotropic, means that the shape of the RR depends on the angle between the current and magnetic field.
(ii) The width (i.e. the characteristic magnetic field, H c ) of the RR is sensitive to the single electron scattering time, providing a new method of measuring the small angle scattering time on the remote impurities.
(iii) The dependence of H c on temperature and on Fermi energy suggests that the electronelectron scattering rate (intralayer and interlayer) may be tested as well.
To develop a microscopical model of transport in two QWs we employ the basis of eigenstates of uncoupled wells. In this basis the Hamiltonian of the system is a 2 × 2 matrix, the off-diagonal elements of which represent the tunneling coupling between QWŝ
We treat here only the case of coinciding quantized (in the z direction) energy levels of the two wells. In Eq.
(1) -k, p are 2D momentum of the electrons, ∆ is the tunneling gap (we assume tunneling to be momentum conserved) and A i is a vector potential of an external field in the i th QW. The second matrix on the r.h.s. of Eq. (1) represents an elastic impurity scattering inside each QW. We assume that (1) random potentials U i (p − k) have a finite correlation length in a plane of 2D gas, (2) there are no correlations between scatterers in different wells. In this case the disorder potential (in each well) may be described [6] by the single particle (small angle) mean free time, τ i , and the two particle (transport) mean free
In a uniform magnetic field, H, parallel to the plane of the QW's (say directed along the y direction) the corresponding vector potentials are A i = (Hz i , 0), where z i are the z coordinates of the effective centers of the QWs. The Fermi surfaces of two QWs have a form of two circles displaced along the x direction (see Fig. 1 ) on the relative distance k H = e/c Hb,
is the distance between the centers of the wavefunctions in two wells [4, 5] .
Only the electrons, which occupy the states in the vicinity of the (quasi)crossing points A and B (see Fig. 1 ), have the same energy (ǫ F ) and momentum in both wells and hence participate in the tunneling. Several important conclusions follow immediately:
(i) The resistance approaches its off-resonance value (decreases) as the magnetic field is increased.
(ii) The characteristic scale of the magnetic field may be estimated as
(iii) The lateral resistance of the system in the in-plane magnetic field is anisotropic. Indeed, the transport in the x direction is dominated by states with large k x , which are practically decoupled (cf. Fig. 1 ). As a result the perpendicular (to the direction of the field) resistance is close to the off-resonance value. Contrary, the transport in the direction of the field is mostly determined by the states situated near the points A and B of Fig. 1 . These states are delocolized, making the parallel resistance closer to the resonance value. In other words, the suppression of the RR occurs in a different way depending on the angle between the magnetic field, H, and the current, j, used to probe the resistance.
The detailed diagrammatic calculation, based on the Kubo formula [7] leads to the following dependence of the resonance resistance on the in-plane magnetic field
where
and the characteristic field is given by
finally 2τ
In agreement with our expectation, the RR is suppressed faster in the perpendicular configuration, R res = 65Ω, whereas the off-resonance value is estimated as R of f = 32Ω (cf. Fig. 2 , inset).
Next we fix the gate voltges, corresponding to the exact resonance position, and measure the resistance as a function of the in-plane magnetic field. Fig. 2 shows the behavior of the RR for the two orientations of the magnetic field with respect to the direction of the current (H || j and H ⊥ j). The experimental data clearly demonstate the suppression of the RR by the magnetic field, as well as the expected anisotropy. In the perpendicular orientation the resistance decreases faster than in the parallel one. The theoretical curves, using Eqs.
(2), (3) with H c = 0.44T (this is the only fitting parameter !) are shown on the same plot.
For the perpendicular configuration, we obtained a perfect fit for the magnetic fields up to
The situation is markedly different for the parallel configuration. The fit to the data is obtained only in the narrow range of fields up to H c , at high magnetic fields the resistance does not approach the value R of f = 32Ω. Moreover, a positive magnetoresistance contribution is well resolved. Large positive magnetoresistance (∝ H 2 ) in the parallel configuration was also observed for the one QW (the second well was totally depleted by a large negative voltage on the top gate). We tend to attribute this positive contribution (hence the poor fit)
to some normal to the plane of QWs component of the magnetic field, which is due to non perfect flatness of our structure in one direction. In the following, we thus restrict ourselves mostly on the perpendicular (H ⊥ j) orientation.
We employ now Eq. (4) and the extracted value of the characteristic field, H c = 0.44T , to establish the small angle scattering time, τ (note that all other parameters entering Eq.
(4) are known, see above). As a result one hash/τ =1.7 meV at T=4.2 K, which implies the ratio between the transport and the small angle scattering times to be equal to ≈ 3.2.
Measurements of this ratio for different values of the Fermi energy (see below) result in a
slow decrease from 3.2 at ǫ F = 15 meV to 2.5 at ǫ F = 7 meV. These data are in a good agreement with the one measured, using Shubnikov-de Haas oscillations, in the 2D gas with the similar mobility [8] . It becomes evident now why one should complicate the theory to account the long range nature of scatterers. The simpler theory with short range scatterers only (τ tr i = τ i ) fails to explain quantitatively the observed width of the RR. We conclude thus that the suppression of the RR in the magnetic field gives rise to a new and relatively simple way of measuring small angle scattering time.
We repeat then the same procedure (using H c as the only fitting parameter and then extracting τ ) for the perpendicular orientation at different temperatures in the range between 4.2 ÷ 40K. The experimental data and a set of theoretical curves is presented in Fig. 3 .
The width of the curves increases with temperature indicating the increase of H c . The same type of data were obtained for different set of voltages applied to the top and the bottom gates corresponding to the resonant conditions at different Fermi energies. The values of the Fermi energy in the range 7 ÷ 15 meV were investigated. These data were also analyzed in the same fashion and the values of τ (T, ǫ F ) were determined (we stress again that all relevant parameters, besides τ , were established independently for each value of T and ǫ F ).
On the Fig. 4 we plot in a logarithmical scale ǫ F (h/τ (T ) −h/τ (0)) versus temperature for three different values of the Fermi energy. At small enough temperature (k B T ≪ ǫ F ) all experimental points collapse to the same line. The slope of this line implies the quadratic temperature dependence of the displayed quantity. This way the following relation is estab-
Eq. (5) suggests that the single particle scattering rate, τ −1 (T ), consists of the two parts:
small angle scattering rate on the remote impurities, τ −1 (0), and the electron-electron (ee) scattering rate, τ
ee . This is in contrast to the transport (two particle) scattering rate, 1/τ tr , which is practically not affected (in the clean limit, see below) by the e -e scattering (due to momentum conserved nature of the latest). To verify this idea quantitatively we use the result [9] for the e -e scattering rate in a clean (the criterion ish/τ (0) ≪ k B T ≪ ǫ F , which is fulfiled in our case) 2D gas
where λ T F = 276Å is the Thomas-Fermi screening length in the GaAs. We have introduced in Eq. (6) an additional factor (1 + ξ), which intends to simulate intralayer and interlayer contributions to the e -e scattering. In the original theory [9] only one 2D gas was considered thus ξ ≡ 0. In the case of two close QWs one expects that 0 < ξ < 1, depending on the ratio between screening length, λ T F , and the mean distance between the wells, b. This is indeed the case: the best fit to our data (the solid line in Fig. 4 ) is achieved by Eq. (6) with ξ = 0.5. We conclude thus that in our structure the interlayer e -e scattering rate is 0.5 of the corresponding intralayer value. This seems to be reasonable since the distance between the wells is of the order of the screening length. To make more quantitative statementstheory of e -e interactions in two tunneling coupled QWs would be desirable. Eq. (6) is valid only in the limit k B T ≪ ǫ F . Therefore the deviations of the experimental points from the theory at high temperatures (especially for the smallest ǫ F ) are not surprising. Our results may be considered as an other confirmation of the theory [9] in the range of relatively large temperatures. In a small temperature regime the theory [9] was excellently confirmed in the interference experiment [10] .
The central point to all our discussions is the fact, that the transport quantity (the resistance) of the structure appears to be sensitive to the single particle scattering time (and not only to the transport one !). This enables us to determine the small angle scattering time, τ (0) (from the low temperature measurements, k B T <h/τ (0)) as well as the e -e scattering time, τ ee (from the measurements at k B T >h/τ (0)). The further comparison with the theory leads to the reasonable estimation of the ratio between intrawell and interwell e -e scattering rates. We believe thus that the RR in two coupled QWs with different mobilities provides a powerful and relatively simple method of measuring the small angle and e -e scattering rates. Some unresolved questions raised in the present latter require further theoretical and experimental investigation of this phenomena. , whereh/τ ee is given by Eq. (6) with ξ = 0.5.
